Xylose reductase from the xylose-fermenting yeast Pichia stipitis was purified to electrophoretic and spectral homogeneity via ion-exchange, affinity and highperformance gel chromatography. The enzyme was active with various aldose substrates, such as DL-glyceraldehyde, L-arabinose, D-xylose, D-ribose, D-galactose and D-glucose. Hence the xylose reductase of Pichia stipitis is an aldose reductase (EC 1.1. 1.21). Unlike all aldose reductases characterized so far, the enzyme from this yeast was active with both NADPH and NADH as coenzyme. The activity with NADH was approx. 70% of that with NADPH for the various aldose substrates.NADP+ was a potent inhibitor of both the NADPH-and NADH-linked xylose reduction, whereas NAD+ showed strong inhibition only with the NADH-linked reaction. These results are discussed in the context of the possible use of Pichia stipitis and similar yeasts for the anaerobic conversion of xylose into ethanol.
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Whereas in most bacteria metabolism of Dxylose proceeds via direct isomerization to Dxylulose, catalysed by xylose isomerase (EC 5.3.1.5), in yeasts this conversion is catalysed by the sequential action of two oxidoreductases (eqn.
1):
Xylose Xylose reductase NADPH NADP+ xylulose-producing xylitol dehydrogenase (EC 1.1.1.9) is NAD+-specific (Jeffries, 1983) . It has been pointed out by Bruinenberg et al. (1983a) (Bruinenberg et al., 1983b) containing 2% xylose in a 2-litre fermenter. The partial pressure of dissolved 2, temperature and pH were automatically controlled at 50% of air saturation, 30°C and 5.4 respectively. Cells (approx. 30g wet wt./litre of culture) were harvested towards the end of the exponential growth phase, washed twice with cold 50mM-potassium phosphate buffer, pH7.5, containing 1 mM-EDTA and stored as pellets at -40°C until used (within 2 months).
Enzyme assays
Enzymes were assayed spectrophotometrically at 30°C. In the standard assays described below the reaction rates were linearly proportional to the amount of enzyme added. Reaction rates were corrected for endogenous NAD(P)H consumption or production (occurring in crude extracts only). Unless mentioned otherwise, enzyme activities refer to the standard xylose reductase assay with NADPH as coenzyme.
Xylose reductase (Jorward reaction) (EC 1.1.1.21). The assay mixture (1 ml) contained 50mM-potassium phosphate buffer, pH6.0, 0.15mM-NADPH or -NADH, and an appropriate amount of enzyme. After temperature equilibration the reaction was Xylose reductase (reverse reaction). The assay mixture (1 ml) contained 50mM-Tris/HCl buffer, pH8.2, 0.4mM-NAD+ or -NADP+, and an appropriate amount of enzyme. After temperature equilibration the reaction was started by the addition of xylitol to a final concentration of 0.2M.
Xylitol dehydrogenase (EC 1.1.1.9). The assay mixture (1 ml) contained 50mM-Tris/HCl buffer, pH 8.2, 5 mM-MgCl2, 0.4mM-NAD+ or -NADP+, and an appropriate amount of enzyme. After temperature equilibration the reaction was started by the addition of xylitol to a final concentration of 0.2M.
Enzyme units
Enzyme units are defined as Mmol of nicotinamide nucleotide reduced or oxidized/min. Specific activities are expressed as units/mg of protein.
Preparation of affinity gel Triazine dyes, bound to a polymer matrix, have been found to be suitable tools for the separation of a variety of yeast enzymes (Johansson et al., 1984) . In comparison with the well-known Cibacron Blue (Thompson et al., 1975) , we found Cibacron Brilliant Yellow GE more effective for the isolation of the xylose reductase from Pichia stipitis. The dye was immobilized as follows.
A jacketed glass column (1 .5cm x 25 cm) was filled with Sephacryl S-200. After settling of the gel the column was heated to 60°C and then washed with 500ml of a solution containing 40g of Na2CO3,10H20 and 25g of NaCl per litre of distilled water (coupling buffer) of the same temperature. Then 100 ml of dye solution (at 60°C) containing 1 mg of Cibacron Brilliant Yellow GE/ml in coupling buffer was passed through the column at a flow rate of 1 ml/min. Continuous circulation of the eluate was performed for 12-16h, during which time the column and dye solution were kept at 60°C. Thereafter the column was washed with coupling buffer (at 60°C) until the eluate was colourless. The column was then cooled to room temperature via washing with coupling buffer at 20°C, and after a washing with 250ml of the required starting buffer it was ready for use.
The immobilized dye thus constructed exhibited excellent flow rates, mechanical stability and NADIi protein-binding capacity (at least 0.25mg of protein/ml of gel). It could be used many times, during which leakage of dye was not observed. The procedure described here is applicable to the coupling of a wide variety of textile dyes to a polymer matrix.
Purification of xylose reductase
All steps were performed at 4°C unless mentioned otherwise. Where indicated, protein concentration was performed with Amicon PTGC CX-10 filters. Enzyme from each step of the purification procedure could be stored at -40°C without significant loss of activity, provided that the protein concentration was higher than 0.5mg/ml. When storage of enzyme in between two purification steps was required the enzyme was therefore kept frozen.
Preparation ofcell-free extract. Frozen cells (3.5 g wet wt.) were resuspended in 6.5ml of 75mM-potassium phosphate buffer, pH 7.0, containing 1 mM-2-mercaptoethanol (standard buffer) and disrupted by four successive passages through a French pressure cell (Amicon) at 1lOMPa (160001bf/in2). Whole cells and debris were removed in two centrifugation steps (2 x 10min at 50000g). The clear supernatant, containing 10-14mg of protein/ml, was used as cell-free extract.
Precipitation of nucleic acids and associated protein. To the cell-free extract a 15% solution of streptomycin sulphate in standard buffer was added to give a streptomycin sulphate/protein ratio (w/w) of 2:1. After stirring for 40min the precipitate was removed by centrifugation (15 min at 50000g).
Ion-exchange chromatography. The supernatant of the previous step was applied to a column (1.5cmx25cm) of DEAE-Sephacel equilibrated in standard buffer. Xylose reductase did not bind to the column and was eluted with standard buffer at a flow rate of 15 ml/h. Fractions (3 ml) containing xylose reductase activity were pooled and concentrated to 4ml by ultrafiltration.
Affinity chromatography. The concentrated eluate was applied to a column (1.2cm x 0cm) of Cibacron-Sephacryl (prepared as specified above) that had been equilibrated in standard buffer. The column was then washed with standard buffer at a flow rate of 18 ml/h until the absorbance ofthe eluate at 280nm was less than 0.01. Adsorbed proteins were eluted with a linear gradient of NaCl (0-1 .2M) in standard buffer (total volume 90 ml). Fractions of 2.5 ml volume were collected. Those that contained xylose reductase activity (eluted between 0.40M-and 0.70M-NaCl) were pooled and concentrated to 0.5mg of protein/ml. As prolonged dialysis at this stage of the purification markedly decreased activity, the concentrate was desalted by three cycles of 5-fold dilution (with 10mM-potassium phosphate buffer, pH 7.0, containing 1 mM-2-mercaptoethanol) and re-concentration. The preparation was stored at -400C.
Freezing and thawing. The frozen protein from the previous step was thawed and centrifuged for 15min at 50000g. This resulted in an additional 60% purification. The supernatant was either frozen again or used for high-performance gel chromatography. Unless mentioned otherwise, enzyme from this stage of purification was used in the experiments described below.
High-performance gel chromatography. As further purification with conventional hydrostatic columns turned out to be very difficult, final purification was performed on a small scale by means of high-performance gel-permeation chromatography on a Serva Si-200 polyol column (9.1mm x 500mm, 5 gm pore size) with a Waters M 6000 A solvent-delivery system and a Waters WISP automatic injector. Elution was carried out at room temperature with 100mM-potassium phosphate buffer, pH7.0, at a flow rate of 0.5ml/min. Detection and on-line spectral analysis were performed with a Hewlett-Packard HP 1040A photodiode array detector. Full spectra (190-390 nm) were recorded at a frequency of 10 min1.
Electrophoresis
Purity of the fractions containing xylose reductase activity was checked by polyacrylamide-gel electrophoresis by the procedure of Laemmli & Favre (1973) . Protein was detected by using the silver stain of Wray et al. (1981) .
Determination of Mr
The M, of the enzyme was determined via Sephadex G-100 chromatography in standard buffer containing O.1M-NaCl. Conalbumin (M, 86000), albumin (MT 67000), ovalbumin (Mr 45000), peroxidase (M, 40000), chymotrypsinogen (M, 25000) and cytochrome c (M, 12500) were used for calibration. The subunit M, was determined by sodium dodecyl sulphate/polyacrylamide-gel electrophoresis by the procedure of Laemmli & Favre (1973) .
Analytical methods
Protein was determined by the method of Bradford (1976) , with bovine serum albumin as a standard (with correction for moisture content). NADH was determined with lactate dehydrogenase, and NADPH with glutamate dehydrogenase, by the method of Klingenberg (1974 Table 1 , further confirm that NADH-linked and NADPH-linked xylose reductase activities are due to the same enzyme. The ratio of NADH-to NADPH-linked activity remained almost constant during purification. The slightly higher ratio in the initial stages of purification must probably be ascribed to the presence of another enzyme, performing a low, non-specific, reduction of xylose with NADH. After high-performance gel chromatography the enzyme was electrophoretically pure (Fig. 1 inset) . In addition, spectral analysis of the fractions eluted between 40 and 42min ( Fig. 1 Effect of pH and temperature on enzyme activity
Xylose reductase exhibited a nearly symmetrical pH-activity curve (Fig. 2) . The optimum pH under standard assay conditions was 6.0. The ratio of activities with NADH and NADPH was approximately constant between pH 5 and 8. An Arrhenius plot of NADPH-linked xylose reductase activity yielded a straight line between 20 and 38°C (results not shown). The calculated activation energy EA of the reaction was 35.1 kJ/mol (8.4 x 103kcal/mol).
Kinetics of xylose reduction
The enzyme exhibited Michaelis-Menten kinetics with respect to its substrates: substrate inhibition (tested up to 0.5M-xylose and 0.5mM-NADH or -NADPH) was not observed. The ratio of activities with NADH and NADPH was independent of the xylose concentration but varied with the concentration of the coenzymes. Product inhibition by xylitol (tested up to 0.5M) was not observed. A summary of the kinetic parameters of the enzyme is listed in Table 2 (0) xylose reduction showed an optimum at pH 6.0 under standard assay conditions. The ratio of NADH-linked to NADPH-linked activity (LA) is also shown. Vol. 226 NADH than for NADPH (values of 0.021 and 0.009mM respectively). NAD+ was a non-competitive inhibitor with respect to xylose (Fig. 3a) in the NADH-linked xylose reduction and a competitive inhibitor with respect to NADH. Similar results were obtained with NADP+: competition with NADPH ( Fig. 3b) and non-competitive inhibition with xylose in the NADPH-linked xylose reduction. NADP+ also competed with NADH (Fig.  3c) , whereas NAD+ did not significantly inhibit the NADPH-linked reaction (Table 2 ). This latter phenomenon probably contributes to the observation that under non-equilibrium conditions NADPH can successfully compete with NADH when both coenzymes are present in equimolar amounts (Table 3 ). The NADP+ generated during NADPH-linked xylose reduction inhibited the NADH-linked activity much more strongly than the NADPH-linked activity (Table 2 ). This resulted in a preferential utilization of NADPH over NADH for xylose reduction upon incubation of enzyme with both NADH and NADPH (Table 3) (Hayman & Kinoshita, 1965) , were inactive. Thus it may be concluded that, similarly to the enzymes from Pichia quercuum (Suzuki & Onishi, 1975) and Candida utilis (Scher & Horecker, 1966; Horitsu et al., 1968) , the enzyme has a preference for aldoses with the hydroxy group attached to C-2 in the Dglycero configuration. (Sheys et al., 1971 ) and stimulates calf lens aldose reductase (Hayman & Kinoshita, 1965) , had no effect on enzyme activity. 2-Mercaptoethanol (5mM) also had no effect, but I mM-dithiothreitol decreased the activity by 25%. (mM)
Discussion
The xylose reductase of Pichia stipitis is active with various aldose substrates and hence is an aldose reductase (EC 1.1.1.21).
A comparison of the properties of xylose reductases of various yeasts (Table 5 ) reveals a strong similarity with respect to Mr, pH optimum, substrate specificity and a low rate of the reverse reaction. However, unlike the enzymes from Candida utilis, Pichia quercuum and Rhodotorula sp. as well as xylose reductases from other sources that are specific for NADPH (Jeffries, 1983) , the enzyme from Pichia stipitis reduced aldoses with both NADPH and NADH. Dual coenzyme specificity seems to be uncommon among nicotinamide nucleotide-dependent enzymes. Only 14% of these (40 in total; Dixon & Webb, 1979) show activities exceeding 10% of the rate of that observed with the other coenzyme. The only yeast enzyme reported to exhibit this behaviour is homoserine dehydrogenase (EC 1.1. 1.3) (Black & Wright, 1955) . The ratio of activities of our aldose reductase with NADH and NADPH was similar for a variety of substrates (Table 4) , and unlike the situation with homoserine dehydrogenase this ratio was not affected by pH (Fig. 2) .
The dual coenzyme specificity of the xylose reductase from Pichia stipitis has important physiological consequences. NADH-linked xylose reduction is a prerequisite for anaerobic alcoholic fermentation of this wood sugar by yeasts (Bruinenberg et al., 1983a (Bruinenberg et al., , 1984 . For such a process the use of yeasts such as P. stipitis is presently considered (Alfa-Laval, 1983) . Other facultatively fermentative xylose-assimilating yeasts such as Pachysolen tannophilus or Candida utilis show negligible or no fermentation of xylose at all under anaerobic conditions, in line with the low or zero NADH-linked xylose reductase activity in these yeasts (Bruinenberg et al., 1984) .
Although in vivo under anaerobic conditions xylose fermentation by Pichia stipitis must proceed via NADH-linked xylose reduction, kinetic studies indicate that in vitro NADPH is the preferred coenzyme. The Km value of the xylose reductase for NADPH is twice that for NADH, and also the nicotinamide nucleotide-dependent conversion of xylose into xylulose. However, attempts in this direction so far have not been successful (Ho et al., 1983) .
